Rats given a 20-min swim-stress at 14.5°C show a precipitous drop in body temperature to 21-22°C, and a profound depression in exploratory activity lasting 2 hr. This is associated with a reduction of brain norepinephrine, an absence of decline in specific activity over this period, and an increased retention of H 3 -norepinephrine, suggesting that the synthesis and possibly the release of brain norepinephrine is inhibited by the stress. d-Amphetamine, 4 mg/kg, given immediately after the stress causes a restoration of exploratory activity without elevating body temperature. It also prevents the reduction of brain norepinephrine and lowers the elevated specific activity, but has little effect on the increased retention of H 3 -norepinephrine. Possible mechanisms of this action and its relation to behavior are discussed.
In one of these, Barchas and Freedman 1 noted that after swimming rats for 30 min in 15°C water, the animals' gross motor activity is severely depressed and uncoordinated for approximately 2 hr after the stress. These authors also found that there is an initial poststress reduction of brain norepiFrom The Rockefeller University, New York, NY 10021.
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Received for publication July 23, 1969; revision received Aug 25, 1969. nephrine (NE) concentration which continues progressively for approximately 2 hr and begins to reverse as the behavioral depression disappears. In view of current speculation about the role of brain catecholamines in clinical depression, 3 it was of interest to examine further this phenomenon in rats.
The present study is an exploratory one and was designed to determine the effect of swim-stress in rats on body temperature, exploratory activity, and central noradrenergic activity, the last using intracerebrally administered tritiated norepinephrine (H 3 -NE). Having found that the stress does produce marked changes in these functions, the study was then designed to determine if these changes could be influenced by administration of d-amphetamine, a potent stimulant whose actions are believed to involve central noradrenergic neurons. 4 " 9 Method Behavioral A total of 65 male albino Sprague-Dawley strain rats weighing between 300 and 400 g were used. The application of stress and the measurement of behavior and body temperature were begun 4 hr after the rats had received an injection of H 8 -NE in the lateral ventricle of the brain (see below, under "chemical"). Swim-stress was applied by dropping the rat into a cylindrical glass jar, 6 in. diameter and 18 in. high, filled to within 4.5 in. of the top with tap water at 14.5"C (58.1°F). The rat was removed either after he could no longer keep his head above the water or after 20 min had elapsed. The animals were not dried-off and were returned in groups of 2-4 to their familiar colony cages. Body temperature to the nearest 0.1 o C was measured at various times before and after the stress by an electronic thermometer with a thermistor probe inserted 10 cm into the colon. Exploratory activity was measured by placing the rat into a freshly mopped steel box 27 in. X 24 in. X 12 in., the floor of which was ruled into 25 5-in. squares. The rat remained in this "open field" for 2 min, during which time the number of squares he entered with all four limbs and the number of times he stood up on his hind limbs (rearing responses) were recorded. These measures were added as squares + rears to give one measure of exploratory activity.
Room temperature was maintained at 22.5°C (72.5°F).
Chemical
At approximately 9:00 AM the rats received an injection of 6 p.c of H
, specific activity 7.45 c/mmole, New England Nuclear) in the lateral ventricle of the brain. A total volume of 26 /A was injected, 20 ^J of which was Merles' solution and 6 j j was 0.1 N acetic acid containing the H 3 -NE. The injection was performed by methods previously described. 10 Swim-stress began 4 hr after the injection. Several rats were stunned and decapitated prior to the stress. Others were killed at various times thereafter. The brains were dissected out, frozen on dry ice and weighed. The content of endogenous and radioactive NE in the whole brain was assayed by methods previously described.
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- 13 All results were corrected for recoveries, which averaged 82.3%. When used, d-amphetamine hydrochloride, dissolved in normal saline at a concentration of 2 mg/ml, was injected intraperitoneally, 4 mg/kg.
Results

Body Temperature and Behavior
After Swim-Stress Figure 1 shows how swim-stress at 14.5 °C affects the body temperature and exploratory activity of rats. This figure represents 2 groups (1 control, 1 experimental) on which repeated measures of temperature and behavior were made, immediately preceding the stress and at intervals thereafter. It also includes 2 groups that were tested only once, at 120 min after the start of stress.
Thirty min after the start of stress (which lasted a maximum of 20 min) the rat's core temperature has fallen to between 21 and 22°C, a drop of some 17°C from nonstress levels. Thereafter, it gradually recovers until, at approximately 150 min, it is normal. The 2 groups tested only at 120 min show that repeatedly measuring behavior and body temperature has little effect on the course of recovery of body temperature.
The exploratory activity scores are represented in the lower half of Fig 1. It is evident that the swim-stress produces a profound depression of exploratory activity. Activity gradually recovers as body temperature returns to normal. The nonswim control group shows a gradual habituation with repeated testing that tends to diminish the difference
PSYCHOSOMATIC MEDICINE
between the groups at 150 min. The 2 groups tested only at 120 min show that the depression is still marked at this time.
Shortly after the stress, the swimstressed rats appear exhausted; they lie in a prostrate position, are unable to move their rear limbs, and have difficulty righting themselves when laid on one side. During the later stages of recovery, the animals remain immobile in a crouched position and show ptosis with continued and violent shivering. Figure 2 shows how swim-stress affects the content of endogenous and radioactive norepinephrine and their ratio (specific activity) in the whole brain. As reported by Barchas and Freedman, 1 swim-stressed rats show an initial poststress reduction of endogenous brain NE which continues progressively and is still evident at 120 min after the start of stress. The reduction amounts to 15% at 30 min (not significant by f-test, twotailed), 20% at 90 min (p < .01), and 17% at 120 min (p < .01).
Brain Norepinephrine
At all points tested after the stress, the content of H 3 -NE is slightly, though not significantly, higher in the swim- stressed rats. This amounts to an increase of 6% at 30 min, 16% at 90 min, and 10% at 120 min. Thus, although the endogenous level of brain NE is falling after swim-stress, the utilization, as measured by the loss of H 3 -NE, is not greater than that of the nonstressed controls; if anything, it is less.
The specific activity, expressed here as cpm/ng, is higher at all points in the swim-stress group: 20% at 30 min (not significant), 48% at 90 min (p < .01), and 32% at 120 min (p < .05). It is evident from inspection of Fig 2 that the specific activity curve for the swim-stress group is almost a flat line-ie, the loss of endogenous NE proceeds at a similar rate to the loss of H 3 -NE. On the other hand, the nonstressed control group shows the familiar exponential decline of specific activity over time, which results from the replacement of IF-NE by newly synthesized nonradioactive NE. The regression coefficients of the log specific activity per hr differed significantly (means ± SEM-control: -0.081 ± 0.021, swim-stressed: -0.013 ± 0.01, p < .01). These findings strongly suggest that the synthesis, and possibly release, of brain NE is inhibited after swim-stress. Figure 3 shows the effect on body temperature and exploratory activity of an intraperitoneal injection of d-amphetamine, 4 mg/kg, given immediately after swim-stress. Both groups represented in this figure were first given a prestress activity and temperature measure and then were swim-stressed. The experimental group received d-amphetamine after removal from the water, and the control group received an equivalent volume of normal saline. Thereafter, repeated measurements of activity and body temperature were made at 30-min intervals. It is evident that amphetamine at this dose greatly accelerates the recovery of exploratory activity after swimstress and does so without accelerating the recovery of body temperature. In fact, a slight lowering of body temperature was observed in the drug-treated group as compared to the saline-treated group.
Effects of d-Amphetamine
As amphetamine can prevent habituation to repeated testing, 14 -15 an additional experiment was performed in which 2 other similarly treated groups of rats were tested only once, at 120 min (also shown in Fig 3) . The amphetamine-treated stressed group is approximately 7 times as active (close to control, nonstressed levels) as the depressed, saline-treated, stressed group (p < .01).
The body temperature of the amphetamine group is slightly, though not significantly, lower than that of the saline group (means ± SEM-amphetamine: 29.9 ± 0.9; saline: 31.7 ± 0.8; p < .2). Behaviorally, the amphetamine-treated rats show less shivering and no ptosis. Recovery is first evident in movements of the head and forelimbs. Rear limb movement remains severely depressed so that, initially, the drug-treated animals drag themselves about the open field by the forelimbs. This gradually changes into a stiff-legged gait, with the rear limbs partially extended and the rump elevated. ately after stress (at 20 min) and in nonstressed animals, on brain NE, H 3 -NE, and specific activity at 120 min. The time of drug action is therefore 1.7 hr for all groups. As compared to saline in the swim-stressed groups, amphetamine increases endogenous brain NE (16%, p < .01), thus reversing to a large extent the characteristic reduction of brain NE to this stress. In confirmation of previous work, 18 -18 amphetamine produces a slight lowering of brain NE in nonstressed rats (8%,p<.01).
The swim-stressed groups show a clear and reliable increase in the retention of IP-NE (stressed vs nonstressed groups:
Minutes after start of swim-stress 16%, p < .01), which confirms the suggestive finding of the previous experiment. Amphetamine after stress has a negligible effect on this increased retention (3% reduction). However, in the nonstressed condition, amphetamine has a greater effect and reduces the retention by 11$ (p < .1). This latter reduction for the time interval used is comparable to results obtained by others.
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As seen in Table 1 , the specific activity of the swim-stressed saline-treated group is 42% higher than that of the nonstressed saline-treated group. Amphetamine, after stress, reduces this heightened specific activity by 14« (p < .05), but it is still 21? higher (p < .01) than that of the nonstressed saline group. In the nonstressed condition, amphetamine as compared to saline has a negligible effect on specific activity (4$ reduction), indicating that it releases proportionately more H 3 -NE than endogenous NE. This last result also agrees with previous findings by others. 4 In brief, amphetamine appears to counter the reduced decline of specific activity produced by swim-stress largely by preventing the reduction of endogenous NE.
Discussion
The results show that swim-stress at 15°C for 20 min produces a profound drop in body temperature and that this is temporally correlated with a depression in exploratory activity. It is probable that the hypothermia, rather than exhaustion from muscular exercise, is the primary cause of the behavioral depression. In support of this, preliminary work in this laboratory has shown that rapidly warming swim-stressed rats in a bath at 37.5°C reverses the depression, and that swimming rats for 20 min in a bath at 33.0°C (after which they do not show hypothermia) produces no behavioral depression; in fact, it produces an elevation in activity. 19 The depressed activity may be a direct result of cooling the brain and other organs. On the other hand, it may be part of an inhibitory response, triggered by lowered body temperature, that specifically suppresses exploratory and other activity that could interfere with the conservation or production of body heat.
The neurochemical consequences of this stress-ie, the depletion of brain NE coupled with the absence of decline in specific activity over time and the increased retention of H 3 -NE-strongly suggest that the synthesis of brain NE and possibly its release are decreased after swim-stress. This conclusion awaits further confirmation by other technics for measuring brain NE synthesis, such as interaction with NE synthesis inhibitors or the conversion of labeled tyrosine into NE. In this respect, swim-stress appears to be fundamentally different from other stressors, such as foot-shock, muscular exercise, and cold stress, all of which have been shown to increase the synthesis and utilization of brain NE. 20 -21 However, none of these latter agents lowers body temperature, thereby altering drastically the physiological condition of the animals, nor do these agents produce a state of severe depression as does swim-stress. Also, no attempt was made in the present experiment to analyze different brain regions; it is possible, therefore, that swim-stress increases noradrenergic activity in some areas of the brain while depressing it in most others. On the other hand, the effects of swim-stress may resemble the state seen in hibernating squirrels, in which there is behavioral depression, lowered body temperature, and a lack of synthesis of brain NE. 22 As above, the changes in brain NE metabolism observed after swim-stress could be a direct consequence of hypothermia or part of a response to inhibit neuronal systems, such as the noradrenergic one, parts of which are presumably involved in arousal and the elaboration of exploratory behavior. 23 -24 In hibernating squirrels, the stoppage of brain NE turnover precedes the drop in body temperature, indicating the possibility of such an inhibitory process in normothermic animals.
The reversal of behavioral depression by amphetamine indicates that brain systems involved in exploratory activity can be stimulated in the swim-stressed animals despite the severe hypothermia. This implies that these systems and other organs probably have not been depleted of local energy stores, such as glycogen, and can function if stimulated. It is interesting that amphetamine given immediately after swim-stress can prevent to a large extent the reduction of brain NE. It is ineffective in releasing H 3 -NE in the stressed rats and thus must facilitate the decline in specific activity entirely by preventing the reduction of endogenous NE. It is not established at present how amphetamine does this, although several reasons can be suggested as to the mechanism of this action and its possible relevance to the behavioral changes. First, amphetamine, in vitro, has an inhibiting effect on monoamine oxidase (MAO). 26 It is also known to retard the depletion of brain NE after administration of either of the NE synthesis inhibitors, alpha-methyl tyrosine or diethyl dithiocarbamate, and this action has been attributed to a diminished release of brain NE 2e or to an anti-MAO effect of the drug. 8 It is unlikely that either of these suggested actions was responsible for the reversal of the reduction of NE by amphetamine in the present experiment, because the drug did not elevate the level of H 3 -NE in the swimstressed rats and, when given to nonstressed rats, it produced a small but reliable decrease in both brain NE and H 3 -NE, confirming previous work. 16 " 18 Also, when given before various types of stress (excluding swim-stress), amphetamine is known to potentiate the reduction of brain NE, 27 whereas pretreatment with MAO inhibitors is known to retard this reduction. 20 -28 Another possibility is that amphetamine is unable to release large amounts of NE, but that, either directly or indirectly, it stimulates the synthesis of brain NE in swim-stressed rats, in which this process appears to be considerably reduced, and thus prevents the reduction of the catecholamine. This is supported by evidence that the central stimulant action of amphetamine is effected in part through the release of newly synthesized brain catecholamines.
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functional pool of NE in noradrenergic nerve endings is believed to represent a small fraction of the total 29 and is thought to be filled chiefly with newly synthesized NE.
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This suggests the hypothesis that swim-stress, either as a result of cooling or as part of an inhibitory response, produces a behavioral depression by acting on the central noradrenergic neurons so as to decrease the synthesis of NE. Amphetamine then would reverse depression induced by swim-stress by acting on these neurons so as to restore synthesis suflBciently to maintain central noradrenergic activity. However, it should be noted that swimstress also affects the metabolism of brain serotonin 1 and that amphetamine has actions on brain dopamine. 31 The behavioral syndrome resulting from swim-stress may be a composite of its effects on a number of neurochemical systems in the brain.
When animals suffer injury, such as trauma, hemorrhage, and infection, they are commonly observed to withdraw to a protective environment and inhibit gross motor activity. This response pattern, which has been variously described as depression, withdrawal, or catatonia, may be temporarily adaptive in the sense that it allows internal homeostatic mechanisms to restore the normal physiological condition when there are no active behavioral responses available that will accomplish the same end. There was some indication in the present experiment that the interruption of this process with amphetamine interfered with the swim-stressed rat's ability to restore normal body temperature. Kaufman and Rosenblum 32 have suggested that withdrawal and depression resulting from psychological stress, such as the separation of an infant monkey from its mother, may also have temporarily adaptive consequences in terms of energy conservation and protection from predators. If this is true, the more primitive response to injury in animals may prove a useful model for studying the neurological bases of depressive and withdrawal reactions, and for understanding how they have evolved in higher mammals.
Summary
Swim-stress in rats for brief periods at a water temperature of 15°C is known to produce a striking behavioral syndrome characterized by depressed and uncoordinated motor activity. It is also known to produce changes in the levels of brain monoamines. The present study explored the effects of this stress on body temperature, exploratory activity, and central noradrenergic activity, the last using intracerebral H S -NE. It was found that after a 20-min swim, the rat's core temperature falls to between 21 and 22°C. Temperature gradually recovers over the next 2 hr. During this time exploratory activity is severely depressed. The rats initially appear exhausted and later show ptosis with violent shivering. Endogenous brain NE falls progressively for 2 hr after the swim. However, this is accompanied by an increased retention of H 3 -NE. The specific activity does not decline over this time period as it does in nonstressed controls. These findings suggest that swim-stress, unlike other stressors in the rat that do not produce behavioral depression, decreases the synthesis and release of brain NE. These behavioral and neurochemical effects may be a direct result of hypothermia or part of an inhibitory process triggered by lowered body temperature to conserve heat.
The behavioral depression, shivering and ptosis, but not the hypothermia, can be reversed by an ip injection of d-amphetamine, 4 mg/kg, given immediately after stress. The drug also prevents the reduction of endogenous brain NE but has little effect on the increased retention of H 3 -NE. A number of factors point to changes in the synthesis of brain NE as playing a role in this syndrome; however, other neurohumors such as serotonin and dopamine may also be involved.
The behavioral effects of swim-stress appear to be related to the effects of internal injury in which gross motor activity is suppressed and internal homeostatic mechanisms are used to restore the normal physiological condition.
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